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a Multifunctional Biocontrol Agent,
Streptomyces griseorubiginosus
LJS06, Against Cucumber
Anthracnose
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" Department of Plant Pathology, National Chung Hsing University, Taichung, Taiwan, ° Innovative and Development Center
of Sustainable Agriculture, National Chung Hsing University, Taichung, Taiwan

Twenty-eight bacterial strains isolated from Chinese herb extracts, beer fermentation
waste, and raw oyster shells were evaluated for their efficacy in controlling cucumber
anthracnose. Four bacterial strains, namely TG0O1, TG02, LJS06, and LJS08, were
found to effectively reduce the mycelial growth of Colletotrichum orbiculare COC3
on PDA media. Spraying or drenching LJS06 spore suspension before inoculation
significantly p < 0.05 reduced disease severity; thus, LJS06 was subject to further
characterization. On the basis of the morphological, physiological, and biochemical
characteristics and a multilocus sequence analysis of partial 16S rRNA, atpD, rpoB,
and trpB genes, LJS06 was identified to be Streptomyces griseorubiginosus (Ryabova
and Preobrazhenskaya) Pridham et al. Physiological and biochemical tests revealed
that S. griseorubiginosus 1LJSO6 can produce amylase, cellulase, chitinase, protease,
siderophore, polyamines, and indole-3-acetic acid. Thus, a culture filtrate of LJS06
(specifically SL06) was formulated and evaluated for its efficacy against conidial
germination, appressorium formation, and anthracnose management. Diluted SLO6 was
found to significantly (o < 0.05) inhibit conidial germination and appressorium formation,
which can be attributed to impaired membrane integrity, accumulated reactive oxygen
species (ROS), and impaired energy metabolism in the conidia. In addition, the spraying
and drenching of diluted SLO6 before inoculation consistently and significantly (o < 0.05)
reduced anthracnose severity. These results jointly suggest that S. griseorubiginosus
[LJS06 can aid in the management of cucumber anthracnose by directly inhibiting
conidial function and priming the plant defense system.

Keywords: Streptomyces, biocontrol, cucumber, anthracnose, Colletotrichum orbiculare, plant growth
promotion, induced resistance

INTRODUCTION

Cucumber (Cucumis sativus L.) belongs to the Cucurbitaceae family and has a long history of
cultivation in Asia (Paris et al., 2012; Jia and Wang, 2021). In Taiwan, its production exceeded
1,800 hectares in 2020, with approximately 88% of the total acreage located in southern and
central Taiwan (Council of Agriculture, Executive Yuan, 2020). The average yield of cucumber

Frontiers in Microbiology | www.frontiersin.org 1

June 2022 | Volume 13 | Article 923276


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.923276
http://creativecommons.org/licenses/by/4.0/
mailto:cfhong@nchu.edu.tw
mailto:jwhuang@nchu.edu.tw
https://doi.org/10.3389/fmicb.2022.923276
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.923276&domain=pdf&date_stamp=2022-06-02
https://www.frontiersin.org/articles/10.3389/fmicb.2022.923276/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chai et al.

Multifunctional Streptomyces Against Cucumber Anthracnose

is more than 25 tons per hectare; from 2015 to 2019, its total
market value was approximately US$ 200 million (Council of
Agriculture, Executive Yuan, 2020). Most cucumber cultivars are
consumed as salad or pickled vegetables, many of which are
susceptible to various phytopathogenic fungi during production.
Chemical fungicides must thus be applied (Meera et al., 1994;
Shoresh et al., 2005; El-Tarabily et al., 2009), particularly in hot
and humid environments such as southern and central Taiwan.

Colletotrichum orbiculare (syn. C. lagenarium) infection of
cucumber leaves, stems, or fruits can result in severe yield and
quality loss (Kwack et al., 2005). Currently, only a few fungicides
are registered for managing cucurbit anthracnose in Taiwan.
Many of these are demethylation inhibitors (DMIs) or quinone
outside inhibitor (Qol) fungicides. Excessive fungicide use poses
threats to the environment and may promote fungicide resistance
(Shimizu et al, 2013). Therefore, finding effective fungicide
alternatives is crucial not only to maintain cucumber production
but also to fulfill consumers’ expectation of food safety.

The use of beneficial microorganisms for managing crop
diseases has received considerable attention because of
their versatile capabilities in acting as biocontrol agents.
Actinomycetes, particularly Streptomyces spp., constitute a large
part of the rhizosphere microbiome (Shih et al., 2003; Olanrewaju
and Babalola, 2019). Many studies have used Streptomyces to
manage airborne or soil-borne plant diseases, demonstrating
that Streptomyces can produce various antimicrobial compounds
or enzymes or act as a hyperparasite, thereby inhibiting plant
pathogens and diseases (Kohl et al., 2019; Olanrewaju and
Babalola, 2019). For example, Palaniyandi et al. (2013) reported
that S. phaeopurpureus ExPro138 can produce several proteases,
inhibiting spore germination and appressorium formation, act
as a hyperparasite of Colletotrichum coccodes, and reduce the
incidence of tomato anthracnose (Palaniyandi et al., 2013).
Shih et al. (2003) and Yang et al. (2021) reported that the
fungichromin produced by S. padanus PMS-702 can be used
to control Rhizoctonia damping-off on cabbage, sheath blight
on rice, Phytophthora fruit rot on peach, and downy mildew on
cabbage (Shih et al., 2003; Yang et al., 2021).

In addition to providing direct inhibition, Streptomyces
species can promote plant growth and induce plant resistance to
multiple diseases (Pieterse et al., 2014; Vurukonda et al., 2018;
Abbasi et al., 2019; Mun et al,, 2020). Mun et al. (2020) reported
that cucumber plants drenched with Streptomyces sp. LH4 spore
suspension were significantly taller and wider than plants that
were not. Abbasi et al. (2019) reported that the dry weight and
fresh weight of tomato plants increased by 29-36% and 22-37%,
respectively, after 60 days of drenching with the spore suspension
of S. enissocaesilis IC10 and S. rochei Y28 in potting soil. The
peroxidase activity of tomato plants treated with S. rochei Y28
was also increased (Abbasi et al., 2019). Streptomyces species have
also been isolated from the rhizosphere and healthy plant tissues
(Mundt and Hinkle, 1976; Sardi et al., 1992; Sturz and Nowak,
2000), indicating that Streptomyces are symbiotic species, which
may acquire nutrients from their host plants and protect them
from various pathogens (Vurukonda et al., 2018). These findings
demonstrate the capabilities of Streptomyces species as beneficial
microbes in agriculture.

Food safety and environmental conservation have become
increasingly important to the general public. Maintaining
yield and quality with minimum input while satisfying
consumer expectations and the requirement for minimal
residue during a long harvest period is highly challenging,
thereby necessitating the development of fungicide alternatives
and disease management strategies in conventional and organic
farming. Because cucumber is an essential produce for raw
consumption and processed vegetables in Taiwan, in the
present study, we (1) screened for multifunctional bacterial
strains for managing cucumber anthracnose; (2) identified
the antagonistic microorganism, characterizing the biological
features of the selected antagonist; and (3) elucidated the
potential mechanisms underlying C. orbiculare inhibition and
anthracnose severity reduction.

MATERIALS AND METHODS

Bacterial Strains and Phytopathogenic

Fungus

The bacterial strains assessed in this study were isolated from the
soil of a cucumber farm (24°12/35.0"N 120°31'43.9"E), Chinese
herb extracts, beer fermentation waste, and raw oyster shells. To
isolate potential biocontrol bacteria, 10 g of soil sample, Chinese
herb extract, beer fermentation waste, and oyster shell powder
(obtained by crushing raw oyster shells with a hammer) were
suspended individually in 100 mL of sterile distilled water and
serially diluted, and 0.1 mL of each diluted suspension was spread
on humic acid-vitamin agar (Hayakawa and Honomura, 1987)
and nutrient agar (NA, Difco™, MI, United States). The bacterial
colonies obtained were purified on International Streptomyces
Project (ISP)-4 medium (Difco™, MD, United States) and NA
plates for further experiments.

A fungal pathogen causing cucumber anthracnose was isolated
from a symptomatic cucumber leaf in Dali District, Taichung
City. On the basis of the morphological characteristics and the
internal transcribed spacer sequences (Supplementary Table 1;
White et al.,, 1990; Gardes and Bruns, 1993), the cucumber
anthracnose pathogen was identified to be C. orbiculare COC3
(Chai, unpublished data). Koch’s postulate was satisfied, thus
demonstrating the pathogenicity of the isolate. The fungal
isolate is currently long-term stored in the Department of Plant
Pathology, National Chung Hsing University.

Antagonistic Activity of Bacterial Strains

Against Colletotrichum orbiculare

To evaluate the antifungal activity of bacterial strains, mycelial
plugs (8 mm in diameter) of a 9-day-old C. orbiculare COC3
were taken from the margin of a colony on potato dextrose agar
(PDA, Difco™, United States). The mycelial plugs were placed
on the center of potato nutrient agar (PNA) media (19.5 g of
PDA and 7.5 g of NA in 1 L of water) in 8.5-cm Petri dishes.
Subsequently, a filter paper disk (80 mm in diameter) containing
20 pL suspension of each bacterial strain was placed 2.5 cm
from the mycelial plug of C. orbiculare COC3. A filter paper disk
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with sterile distilled water was placed on the other side, 2.5 cm
from the mycelia disk, as an untreated control. Each bacterial
strain had three dishes. The dishes were incubated at room
temperature for 4-7 days, and the length of mycelium on treated
and untreated sides were measured. The mean antagonistic
activity of three replications of each bacterial strain was calculated
using the formula: antagonistic activity = [(mycelial length on
the untreated side - mycelial length on the treated side)/mycelial
length on the untreated side] x 100. Bacterial strains that were
highly antagonistic were selected for further experiments.

Effect of Antagonistic Bacterial Strains
on Growth Promotion and Anthracnose
Severity of Cucumber

To determine the effect of the antagonistic bacterial strains in
promoting plant growth, 10 mL of the spore suspension (1 x 103
CFU/mL) of each bacteria strain TGO01, TG02, LJS06, and L]S08
was drenched weekly in the soil of 7-day-old cucumber seedlings
for 3 consecutive weeks (Patel et al., 2018). Cucumber plants
treated with sterile distilled water were included as blank controls.
The plants were incubated at 25°C with 12 h of photoperiod.
The plant height and the root length were measured when the
plants were 28 days old. All treatments were conducted with five
replications, and the experiment was conducted twice.

To determine the efficacy of the bacterial strains against
cucumber anthracnose, the spore suspension of each bacterial
strain was drenched in the soil of cucumber plants following the
aforementioned method. One day after the last drench were the
cucumber plants spray inoculated with 10 mL of C. orbiculare
COC3 conidial suspension (1 x 10° spores/mL) and incubated
at 25°C with a 12-h photoperiod. The disease severity (the
percentage of diseased area on the leaf) of the first four true leaves
from the cotyledon of inoculated plants was evaluated 11 days
after inoculation. There were four plants in each treatment, and
the experiments were conducted twice.

Culture, Physiological, and Biochemical
Characteristics of the Streptomyces

Strains

The morphology of the colony, color of aerial and substrate
mycelia, and soluble pigment of strains TGO01, TG02, L]JS06, and
LJS08 were visually estimated using the ISCC-NBS color system
(Kelly, 1964; Centore, 2016) after 7 days of incubation on ISP-2,
ISP-3, ISP-4, and ISP-5 media, respectively (Shirling and Gottlieb,
1966). The capability of utilizing different carbon sources for each
bacterial strain was evaluated on ISP-9 medium amended with
1.0% of L-arabinose, cellulose, D-fructose, D-glucose, I-inositol,
D-mannitol, raffinose, sucrose, or D-xylose and incubated at 28°C
for 14 days. However, melanin production was evaluated on ISP-1
and ISP-7 media, and hydrogen sulfide production was evaluated
on ISP-6 medium after 2 days of incubation at 28°C (Shirling and
Gottlieb, 1966; Lechevalier, 1980).

To observe the spore production and spore surface
ornamentation of the bacterial strain LJS06, mycelial disks
were taken from the colony on ISP-3 after 7 days of incubation
and fixed in 0.1 M phosphate buffer diluted glutaraldehyde

solution (2.5%) at 4°C for 16 h. Fixed disks were washed with
0.1 M phosphate buffer, dehydrated in 25, 50, 60, 70, 80, 90, and
95% ethanol, and dried in a critical point dryer. The specimens
were then mounted on a sputter coater, coated with a thin layer
of gold-palladium alloy for 60 s, and observed under a scanning
electron microscope (JEOL JSM-7800F, Japan).

Enzymatic Activity and Capability of
Producing Siderophore, Polyamines, and
Indole Acetic Acid

The production of amylase, cellulases, chitinase, and proteolytic
enzymes was determined following the methods described by
previous studies (Khokhar et al., 2011; Halimahtussadiyah et al.,
2017; Perwendha et al, 2020). In each medium for testing
enzymatic activity, a clear zone surrounding the colony indicated
the production of enzymes. The enzymatic index was expressed
by the relationship between the average diameter of the clear zone
and average diameter of the colony growth. The enzyme activity
index (EI) was calculated using the following formula:

EI = (diameter of clear zone — diameter of colony)/

diameter of colony.

Enzymatic activity is considered strong if EI > 1 (Duncan
et al., 2006; Lechuga et al., 2016; Ntabo et al., 2018). There were
five plates for each enzyme test, and the whole experiment was
conducted twice.

Siderophore production was determined using the chrome
azurol S (CAS) assay (Schwyn and Neilands, 1987). The four
bacterial strains TGO1, TGO02, LJS06, and LJS08 were spot
inoculated on CAS plates and incubated at 28°C for 4 days.
The development of an orangish-yellow halo around the colony
indicates siderophore production. There were five plates for each
bacterial strain, and the whole experiment was conducted twice.

To test the capability of producing arginine decarboxylase, the
four bacterial strains were cultured in a modified decarboxylase
medium amended with 2 g L™! of L-arginine and 0.01 g L™! of
bromocresol purple as a pH indicator. The decarboxylating strain
was detected when the bacterial colony was surrounded by a deep
purple halo (Nassar et al., 2003).

To evaluate the production of indole-3-acetic acid (IAA),
each strain was cultured in Luria Bertani broth (LB, Difco™,
United States) containing 5 mM L-tryptophan at 30°C for 5 days.
One milliliter of the cultural broth of each bacterial strain was
sampled every day and mixed with 2 mL of Salkowski reagent
(0.5 M FeCls: 98% H»SO4: ddH,0 = 1:30:50). The appearance of
a pink color in the reagent indicated IAA production, which was
then quantified at OD 530 (Glickmann and Dessaux, 1995). Each
bacterial strain had five replicates, and the whole experiment was
conducted twice.

Molecular Identification of the

Streptomyces Strains

To identify the bacterial strains, spores of each strain were
harvested by gently scratching the 7-day-old colony on ISP-2
using a sterile inoculum loop. The spores were suspended in
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a 1.5-mL centrifuge tube containing 1 mL of 12.5 mM NaOH.
The mixture was incubated at 98°C for 15 min and centrifuged
at 2,000xg for 1 min, and the supernatant was used as a DNA
template for PCRs. The partial sequence of the 16S rRNA of each
bacterial strain was Polymerase chain reaction (PCR) amplified
using St-F and St-R primers (Supplementary Table 1). Each PCR
had 1 pL of each primer, 5 L of PCR master Mix Kit, and 1 pL of
template DNA, and 2 WL of ddH,O was added for a final volume
of 10 pL. PCR was conducted under the following thermocycler
conditions: initial denaturation at 95°C for 2 min; subsequent sets
of 35 cycles 0f 95°C for 1 min, 57°C for 1 min, and 72°C for 1 min;
and a final extension at 72°C for 15 min.

To perform a multilocus sequence analysis (MLSA) for
the Streptomyces sp. strain LJS06, additional housekeeping
genes, including atpD (ATP synthase F1, B-subunit), rpoB
(RNA polymerase, B-subunit), and trpB (tryptophan synthase,
p-subunit), were amplified with the primers used in Guo et al.
(2008) (Supplementary Table 1). PCR was performed per the
aforementioned procedure under the following thermocycler
conditions: initial denaturation at 95°C for 2 min; subsequent sets
of 35 cycles of 95°C for 1 min, 65°C for 1 min, and 72°C for 2 min;
and a final extension at 72°C for 15 min.

The PCR products of the 16S rRNA and the three house-
keeping genes were sequenced using an Applied Biosystem 3730
DNA analyzer at Tri-Biotech (Taipei, Taiwan). The quality of
the obtained sequences was assessed using Geneious Prime v.
2021.2.2, blasted and aligned with reference sequences, and
deposited in NCBI GenBank (Supplementary Table 2). For
the 16S rRNA, a phylogenetic tree was constructed using the
Maximum Likelihood method with the Tamura-3-parameter
model and 1,000 bootstrap replicates. The three housekeeping
genes were combined, and a phylogenetic tree was constructed
using the Neighbor Joining method with the Tamura-Nei model
and 1,000 bootstrap replicates. Both phylogenetic trees were
constructed using MEGA X (Nei and Kumar, 2000; Kumar et al.,
2018).

Effect of Streptomyces
griseorubiginosus LJS06 Culture Filtrate
on the Germination and Appressorium
Formation of Colletotrichum orbiculare

and Its Potential Mechanisms

S. griseorubiginosus L]JS06 was cultured in a soybean meal broth
[SMG, 1% glucose (w/v), 0.5% soybean meal (w/v), 1 L distilled
water] for 5 days, and the effect of the culture filtrate, namely
SL06, on the conidial germination and appressoria formation
of C. orbiculare was evaluated. To test the conidial germination
and appressoria formation, 10 WL of 100-fold-diluted SLO6
was mixed with 10 pL of C. orbiculare conidial suspension
(1 x 10* spores/mL), resulting in 200x dilution of SL06 in
each droplet of the mixture on glass slides. Conidial suspension
treated with sterile water and SMG broth were included as
negative controls. The mixtures were covered with coverslips,
and the slides were placed on V-shaped glass rods in moist
chambers and incubated at 25 & 2°C. The percentages of conidial
germination and appressorium formation of approximately 100

conidia were recorded 24 h after incubation. Each treatment had
four replicates, and the experiment was conducted three times.

Membrane Integrity

The effect of SL06 on the membrane integrity of C. orbiculare
COC3 was evaluated using a method described by previous
studies (Chen and Dickman, 2005; Tang et al., 2014). Briefly,
15 L of 100-fold-diluted SL06 was mixed with an equal volume
of the conidial suspensions, resulting in a 200-fold dilution of
the mixture. Next, 20 wL of the mixture was incubated in a
concave slide and maintained in a moist chamber at 25°C for 24 h.
Treatments with sterile water and SMG broth were included as
negative controls. The treated conidia were stained with 10 wL
of 0.05% Evans blue for 45 min before observation. Conidia
uptook the stain and turned blue, suggesting that membrane
integrity was impaired.

Accumulation of Reactive Oxygen Species

To evaluate the oxidative stress in C. orbiculare COC3 conidia
after treatment with SL06 (200-fold dilution), the conidia were
stained with dihydrorhodamine 123 (DHR 123) for 30 min
and observed under a fluorescent microscope with an optical
filter set XF104-2 (Leica, Germany). Conidia treated with sterile
water and SMG broth were included as negative controls.
Oxidation of the non-fluorescent DHR 123 into green fluorescent
Rhodamine 123 (Rh123) under the fluorescent microscope
suggested accumulation of reactive oxygen species (ROS) in the
conidia (Kannan and Jain, 2000).

Interference of Energy Metabolism

To determine whether the energy metabolism of C. orbiculare
COC3 was interfered with after treatment with SL06, an
equal volume of 100-fold-diluted SLO6 and the conidial
suspension were mixed. Pyraclostrobin (23.6% emulsion, 3,000-
fold dilution), a fungicide known to block the electron transfer
at the quinone outside site of the bcl complex, thereby inhibiting
the energy metabolism of the pathogen, was included as a positive
control, and SMG broth was included as a negative control.
Subsequently, 180 pL of each mixture was loaded into a 96-
well microplate (Costar, United States) and incubated in the
dark at 25°C for 24 h before staining with Alamar blue (Life
Technologies, CA, United States). The relative fluorescent unit
in each treatment was determined using a Tecan Infinite M200
plate reader with absorbances at 570 and 600 nm (Pettit et al.,
2005; Cox et al., 2009; Sharma et al., 2019). The color change from
non-fluorescent blue to highly fluorescent pink indicated normal
respiration in C. orbiculare COC3 conidia and was photographed
using a digital camera.

Effect of Streptomyces

griseorubiginosus LJS06 Culture Filtrate
on Anthracnose Severity of Cucumber

To test the effect of application methods and different dilutions
of SLO6 on anthracnose severity, 10 mL of 20-, 100-, and 200-fold
diluted SLO6 were either sprayed on the leaves or drenched in the
soil of cucumber plants with four unfolded leaves, respectively
(Fan et al., 2019). Cucumber plants treated with sterile distilled
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water and diluted SMG broth were included as negative controls.
After 24 h of each treatment, the entire cucumber plant was
spray inoculated with conidial suspension (1 x 10° spores/mL)
of C. orbiculare COC3. The disease severity of anthracnose in
each treatment was assessed per the aforementioned method.
Each treatment had six plants, and the entire experiment was
conducted twice.

Statistical Analysis

All experiments in this study were performed at least twice. The
data are presented in terms of the mean and standard error of
the values obtained from at least three replicates. The treatment
effects were determined using a one-way analysis of variance at
p = 0.05. Multiple comparisons were performed using Fisher’s
least significant difference test at p = 0.05 in SAS Enterprise Guide
6.1 (SAS Institute, Cary, NC, United States).

RESULTS

Screening for Multifunctional
Antagonistic Bacteria Against Cucumber

Anthracnose

Twenty-eight bacterial strains were obtained from various
materials. Five isolates, namely TGO01, TG02, L]JS05, LJS06, and
LJS08, were found to effectively inhibit more than 40% of the
mycelial growth of C. orbiculare COC3 on PDA. Eleven strains
exhibited 26-40% of inhibition, whereas the remaining strains
had <25% inhibition (Table 1). On the basis of the in vitro
antagonistic activity, four Streptomyces strains—TGO01, TG02,
LJS06, and LJS08—were selected. The plant growth promotion
properties and disease inhibition capability of the four bacterial
strains were further evaluated.

In the experiment on plant growth promotion, spore
suspensions of TGO1, TG02, LJS06, and LJS08 were drenched
in the soil of 7-day-old cucumber plants for 3 consecutive
weeks. Among these, the LJS06-treated plants had the greatest
plant height after 28 days in both trials. Although the growth
promotion effect of LJS06 was not significant compared with
the untreated control in the first trial, LJS06-treated plants were
significantly (p < 0.05) taller than those treated with other
strains (Table 2). However, TGO1 consistently and significantly

TABLE 1 | Efficacy of bacterial strains on inhibiting the mycelial growth of
Colletotrichum orbiculare COC3.

Bacterial isolates Mycelial inhibition?

LJS06 >60%
TGO1, TGO2, LJSO5, LJS08 41-60%
LJS02, LJS03, LJS04, LJS07, TGOS, TGO7, WBO1, HTT, 26-40%
CD1-2, CD1-4, CD4

LJSO1, TGO6, CD1-3 11-25%
HT3 0-10%
TGO3, TG04, WB02, WB03, HT2, CD1-1, CD2, CD3 <0%

aMycelial  inhibition (%) = [(colony radius
treatment)/(colony radius in control)] x 100.

in control-colony radius in

(p < 0.05) enhanced the root growth of cucumbers, followed by
LJS06 and TGO2 (Table 2).

In planta experiments indicated that LJS06 significantly
(p < 0.05) reduced the average disease severity of cucumber
anthracnose 11 days after inoculation. By contrast, drenching
the spore suspension of TGO01, TG02, and LJS08 only slightly
decreased the disease severity in the first trial. However, the
disease management effect for the three strains was inconsistent
in the second trial (Figures 1, 2).

Culture Characteristics, Scanning
Electron Microscope Morphology, and
Multilocus Sequence Analysis of LJS06

The four tested bacterial strains grew well on all the tested ISP
media (Table 3). For L]JS06, the aerial mycelia were light gray to
reddish gray, which turned into purplish white on ISP-5 medium
after 7 days of incubation. The substrate mycelials were light
yellow to yellowish brown, but no pigmentation was observed
in any ISP medium (Table 3 and Supplementary Figure 1).
Scanning electron microscopy (SEM) revealed that L]JS06 had a
smooth spore surface; the spore chains were straight or flexuous,
with more than 20 spores per chain, indicating rectiflexible type
of spore production (Supplementary Figure 3). In the carbon
source utilization test, LJS06 used all the tested carbon sources,
whereas the other strains only used a limited number of carbon
sources (Table 4). In the melanin and H,S production tests, LJS06
produced both compounds, whereas the capability of producing
melanin or H,S was variable in the other strains (Table 4).

PCR amplification of the 16S rRNA gene generated
approximately a 1,000-bp fragment from the four bacterial
strains. The 16S rRNA gene sequences were BLASTed against the
reference sequences (Accession No. MN339842, AY508512, and
AY999902) from the NCBI GenBank. All genes had a more than
96% similarity with the reference strains in Streptomyces. On the
basis of the 16S rRNA sequences, both strains TGO1 and TG02
were identified as Streptomyces sp. (MN339842), whereas, strains
LJS06 and LJS08 were identified as S. ciscaucasicus (AY508512)

TABLE 2 | Effect of spore suspension of bacterial strains TG01, TG02, LJS06,
and LJS08 on plant height and root length of cucumber seedlings.

Treatment? Plant height (cm)® Root length (cm)
Experiment1 Experiment2 Experiment1 Experiment2
TGO1 229+05 ¢@ 308+1.0 b 201+1.8 494 +11 a
TGO2 245+0.7 bc 27.8+06 c¢ 19.7+£1.9 26.6 £ 0.8 bc
LJS06 208+06 a 355+03 a 145+07 bc 276+06 b
LJS08 228+11 ¢ 215+£02 e 196+02 ab 232+1.1 d
sdH,O° 27.5+19 ab 258+07 d 145+03 c¢ 248+09 cd

aTen millliters of spore suspension (1 x 10° CFU/mL) of each antagonistic
bacterial strain was drenched weekly in the soil of 7-day-old seedlings for 3
consecutive weeks.

bPiant height and root length were estimated when the seedlings were 28 days old.
®Plants drenched with sterile distilled water were included as untreated control.
9IMeans (n = 5) (+ standard error) in the same column followed by different
letters are significantly different (p < 0.05) according to Fisher’s least significant
difference test.
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FIGURE 1 | Effect of spore suspension of four antagonistic bacterial strains on disease severity of cucumber anthracnose caused by Colletotrichum orbiculare

COC3. Means (n = 4) in the same trial indicated by different letters significantly differ (o < 0.05) according to Fisher’s least significant difference test.
Bar = standard error.

FIGURE 2 | Effect of antagonistic bacterial strains on anthracnose severity of cucumber seedlings 11 days after inoculation. Only one representative plant is shown
in each treatment drenched with (A) distilled water as the control, (B) strain TGO1, (C) strain TG02, (D) strain LJS06, and (E) strain LJS08.

and S. asterosporus (AY999902), respectively (Figure 3). Further S, phaepurpureus strain NRRL-B 22607 in the phylogenetic
identification of LJS06 based on MLSA revealed that LJSO6 tree (Figure 4). On the basis of the culture, physiological,

was clustered with S. griseorubiginosus strain AS 4.1766" and  biochemical characteristics, SEM morphology, and MLSA

Frontiers in Microbiology | www.frontiersin.org 6 June 2022 | Volume 13 | Article 923276


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chai et al.

Multifunctional Streptomyces Against Cucumber Anthracnose

93% Streptomyces sp. strain LIS06
93% 8. ciscaucasicus strain DSM 402757
87% Streptomyces sp. strain LIS08
93%
S. asterosporus strain NRRL B-24328T
— 93% S. griseorubiginosus strain AS 4.17667
S. phaepurpureus strain NRRL B-2260T
93% Streptomyces sp. strain TG01
93% 89% Streptomyces sp. strain TG02
Streptomyeces sp. strain MGB 2771
9B% S. flavidovirens strain NBRC 13039T
93% S. coacervatus strain IFM 110557
93% S. aquilus strain GGCR-6T
93% S. lincolnensis strain NRRL 29367
S. antibioticus strain NRRL B-1701T
Kitasatospora azatica strain NBRC 138037
FIGURE 3 | Phylogenetic tree of Streptomyces strains TG01, TG02, LJS06, and LJS08 based on 16S rRNA sequences. The tree was constructed using the
maximum likelihood method with Tamura-3- parameter model and 1,000 bootstrap replicates in MEGA X. Kitasatospora azatica strain NBRC 13803" was used as
an outgroup.

results, LJS06 was identified to be S. griseorubiginosus (Ryabova
and Preobrazhenskaya) Pridham et al. The 16S rRNA, atpD,
rpoB, and trpB sequences of the S. griseorubiginosus strain
LJS06 were deposited in GenBank under the accession numbers
OK668212, OL322103, OL322104, and OL322105, respectively
(Supplementary Table 2).

Streptomyces griseorubiginosus LJS06
Can Produce Hydrolytic Enzymes,
Siderophore, Polyamines, and
Indole-3-Acetic Acid

The four Streptomyces strains were tested for their capability
to produce hydrolytic enzymes, siderophores, polyamines,
and TAA in media. In the enzyme production experiments,
LJS06 had the highest EI among the tested Streptomyces
strains, suggesting a good capability for producing amylase,
cellulase, chitinase, and protease (Table 5). Of the four strains,
only LJS06, TGO1, and TGO2 turned the greenish-blue CAS
media into yellow, indicating siderophore production capability
(Table 5 and Supplementary Figure 2). In addition, the
four strains exhibited deep purple halos around and beneath
the colonies in modified decarboxylase media, suggesting
polyamine production capability. Although all tested strains
could also produce IAA, the quantity produced by LJS06 was
significantly higher than that by the other strains after 4 days of
incubation (Table 6).

LJS06 Culture Filtrate Inhibited Conidial
Germination and Appressorium
Formation by Impairing Membrane
Integrity, Inducing Reactive Oxygen
Species Accumulation, and Impairing
Energy Metabolism in Colletotrichum

orbiculare

The efficacy of 200-fold-diluted SL06 on inhibiting the conidial
germination and appressorium formation of C. orbiculare was
evaluated. Compared with the SMG broth and water controls,
diluted SLO6 significantly (p < 0.05) reduced the conidial
germination and appressorium formation after 24 h (Table 7). To
investigate the potential mechanism underlying direct inhibition,
the diluted SLO6-treated conidia were stained with Evans blue
and examined under a compound microscope. After 24 h, the
diluted SLO6-treated conidia were permeable to Evans blue,
whereas SMG broth-treated conidia were not, suggesting that the
membrane integrity of C. orbiculare COC3 was impaired by the
metabolites (Figures 5A,D). C. orbiculare COC3 conidia were
also stained with DHR123 to evaluate whether the metabolites
in diluted SLO6 could change the oxidative status in the conidia.
Green fluorescence was observed in diluted SLO6-treated conidia
but not in SMG broth-treated conidia, suggesting that the
metabolites in diluted SL06 may induce ROS accumulation,
thereby increasing oxidative stress in the conidia of C. orbiculare
(Figures 5B,C,E,F). Moreover, conidial suspension treated with
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TABLE 3 | Culture characteristics of the four Streptomyces strains on ISP-2, ISP-3, ISP-4, and ISP-5 media.

Strain Culture characteristics in International Streptomyces Project Medium (ISP) media?
ISP-2 ISP-3 ISP-4 ISP-5

AMCP SMC SP AMC SMC SP AMC SMC SP AMC SMC SP

TGO1 Light gray® Deep yellow Y9 Light brownish gray ~ Strongbrown B Light gray Light greenish yellow N Light gray Pale greenish N
yellow
TGO2 Light gray Deep yellow Y Brownish gray Dark brown B Lightgray Light greenishyellow N Yellowish gray Pale greenish N
yellow
LJSO06 Reddish gray  Vivid yellow N Light gray Dark yellowish N Light gray Pale yellow N Purplish white  Light yellow N
brown
LJS08 Grayish red Vivid reddish N Grayish pink Vivid pink R Grayish red Strong pink N Pinkish white  Light orange N
orange
a|SP-2: yeast extract-malt agar; ISP-3: catmeal agar; ISP-4: inorganic starch agar; ISP-5: glycerol asparagine agar.
bAMC, aerial mycelium color; SMC, substrate mycelium color; SP. soluble pigment.
¢Colors were determined based on the ISCC-NBS color charts.
IN, no pigment; B, brown pigment; R, red pigment; Y, yellow pigment.
TABLE 4 | Capability for carbon utilization and melanin and HoS production for the four Streptomyces strains.
Strain ISP-12 ISP-6° ISP-72 Carbon utilization®
Ara Cel Fru Glu Ino Man Raf Suc Xyl

TGO1 - + - - - +/- + - - - - +/~
TGO2 - + - - - +/- + - - - - +/-
LJS06 + + + + + + + + + + + +/-
LJsos - - +/- - +/- + +- + - +/- +/-

4ISP-1 and ISP-7: For detecting melanin production.
bISP-6: For detecting H»S production.

CISP-9 medium plates were amended with 1% (w/v) of different carbon sources: Ara, L-arabinose; Cel, cellulose; Fru, b-fructose; Glu, b-glucose; Ino, I-inositol; Man,

D-mannitol; Raf, raffinose; Suc, sucrose; Xyl, D-xylose.
dy, Positive reaction; —, Negative reaction; +/—, Indeterminate reaction.

griseorubiginosus strain AS 4.17667

S.phaepurpureus NRRL B-2260

Streptomyces sp. strain LJS06 *

ciscaucasicus strain KCTC 199587

S.aquilus strain GGCR-6T

S.chartreusis strain ISP 50857

lincolnensis strain ISP 53557

flavidovirens strain KCTC 199607

S.coacervatus strain DSM 419837

S.davawensis strain JCM 49137

S.asterosporus strain NRRL B-243287

-S.antibioticus strain NRRL B-17017

azatica strain KCTC 9699™

outgroup. *Indicates the strain used in this study.

FIGURE 4 | Phylogenetic tree of Streptomyces species based on concatenated sequences of partial atpD, rpoB, and trpB genes. The tree was constructed using
the Neighbor Joining method with the Tamura-Nei model and 1,000 bootstrap replicates in MEGA X. Kitasatospora azatica strain KCTC 9699 was used as an

either pyraclostrobin or diluted SL06 remained blue to deep blue into highly fluorescent pink resorufin, thereby exhibiting

purple, suggesting the inhibition of energy metabolism in the

conidia. Conversely, SMG broth-treated conidia reduced Alamar  treatments (Figure 6).

the highest relative fluorescence unit (p < 0.05) among all
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TABLE 5 | Enzyme activity indexes and polyamine and siderophore production by the four Streptomyces strains.

Strain Enzyme Activity Index (El)?

Amylase Cellulase Chitinase Protease Polyamines Siderophore (mm)
TGO1 1.41 0.73 0.15 1.28 ++P 14.0 £0.3°
TGO2 1.50 0.68 0.11 0.89 ++ 140+ 0.5
LJS06 2.57 1.65 1.1 1.77 ++ 157+ 04
LJS08 0.13 0 0 0.69 ++ NAd
aEnzyme activity index (El) = (Halo zone diameter-Colony diameter)/Colony diameter.
b4 radius < 30 mm; +++: radius > 30 mm.
®Means (n = 4) (& standard error) of the yellow halo diameter on CAS media.
9No yellow halo was formed.
TABLE 6 | Production of indole-3-acetic acid by four Streptomyces spp. in LB broth containing 5 mM of I-tryptophan at 300C for 5 days.
Strain IAA concentration (mg/L)

1st day 2nd day 3rd day 4th day 5th day

TGO1 179 £ 3.9 A 23.3+ 3.9 B 21.8+2.2 B 223+ 0.4 C 226 +2.3 C
TGO2 255+ 35 A 53.4 £ 3.0 A 51.5+1.7 A 51.2+3.0 B 45.8 + 3.1 B
LJSO6 28+04 B 57.0+0.2 A 59.2 +£ 4.2 A 62.4+1.9 A 57.6 + 3.1 A
LJS08 0.8 £0.1 B 10.0 £ 04 C 10.6 £ 0.4 C 95+02 D 78+13 D

aMeans (n = 5) (+ standard error) in the same column followed by different letters are significantly different (o < 0.05) according to Fisher’s least significant difference

test.

LJS06 Culture Filtrate Reduced
Anthracnose Severity in Cucumber

Plants

To investigate the application method and dilution times of
SL06 on managing cucumber anthracnose, two application
methods (foliar spraying and soil drenching) with three dilution
times (20x, 100x, and 200x) were included. After 11 days
of inoculation, all dilutions of SL06 significantly (p < 0.05)
reduced the anthracnose severity compared with water and
diluted SMG broth treatments, regardless of the method used
for applying the culture filtrate. The lowest disease severity
was observed in foliar spraying and soil drenching of 20x
dilution (24.2 and 20.5%, respectively), followed by 200x
dilution (31.7 and 34.2%, respectively) and 100x dilution (43.3
and 41.7%, respectively) (Figure 7). The disease reduction
effect of diluted SLO6 was consistent with the results when
the cucumber plants were only drenched with LJS06 spore

TABLE 7 | Effect of Streptomyces griseorubiginosus LJS06 culture filtrate (SLO6)
on conidial germination and appressorium formation of Colletotrichum orbiculare.

Treatment Conidial germination (%) Appressorial formation (%)
sLoe? 56.5+1.2BP 543+1.6b
SMG 100.0 £ 0.0 A 91.8+3.0a
sdH,O 100.0 £ 0.0A 93.3+26a

aSL06: Two hundred-fold diluted culture filtrate of S. griseorubiginosus LJSO06;
SMG, two hundred-fold diluted soybean meal broth; sdH»O: sterile distilled water.
PMeans (n = 4) (+ standard error) in the same column followed by different
letters are significantly different (p < 0.05) according to Fisher’s least significant
difference test.

suspension, suggesting induced resistance in cucumber by LJS06
and its culture filtrate.

DISCUSSION

Fungicides remain the most widely adopted approach of
crop disease management in many countries. However, an
overreliance on fungicides has raised many concerns pertaining
to, for example, environmental pollution, fungicide residue, food
safety, and the emergence of fungicide-resistant pathogens. This
has necessitated the identification of fungicide alternatives while
maintaining productivity and sustainability (Shaikh and Sayyed,
2015; Olanrewaju and Babalola, 2019).

In this study, we screened for bacteria with antagonistic
and plant growth promotion-related traits. The efficacy of
the bacterial strains as fungicide alternatives for managing
cucumber anthracnose was also evaluated. Among the 28 bacteria
obtained from the environment and different agricultural
byproducts, four Streptomyces strains exhibited good in vitro
antifungal activity. Of these, L]JS06 was found to have good
antifungal capability, promote plant growth significantly, and
produce multiple secondary metabolites. In addition, drenching
LJS06 spore suspension before inoculation significantly reduced
anthracnose severity, suggesting multiple modes of action of
LJS06 against anthracnose. On the basis of biochemical and
morphological analyses, 165 rRNA sequences, and MLSA,
LJS06 was identified to be S. griseorubiginosus (Ryabova and
Preobrazhenskaya) Pridham et al.

Many antagonistic microorganisms produce various
secondary metabolites. Some compounds in the metabolites
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SMG

FIGURE 5 | Effect of Streptomyces griseorubiginosus LJS06 culture filtrate (SLO6) on membrane integrity and oxidative status of the conidia of Colletotrichum
orbiculare. The conidia treated with diluted SLO6 were stained with Evans blue, suggesting impaired membrane integrity of the conidia (A). Additionally, green
fluorescence was observed in SLO6-treated conidia, suggesting reactive oxygen species accumulation in the conidia (B,C). By contrast, SMG broth-treated conidia
was not stained with Evans blue (D), and no fluorescence was observed, suggesting intact cell membrane and normal oxidative status in the conidia (E,F).
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FIGURE 6 | Effect of Streptomyces griseorubiginosus LJS06 culture filtrate (SLO6) on the energy metabolism of Colletotrichum orbiculare COC3. (A) Alamar blue
turned pink in soybean meal broth-treated conidial suspension but remained unchanged in SLO6-treated and pyraclostrobin-treated conidial suspensions after 24 h.
(B) SMG-treated conidial suspension had significantly higher relative fluorescence units than SLO6 and pyraclostrobin treatments, suggesting that the energy
metabolism was impaired in the latter treatments. Means (n = 8) followed by different letters are significantly different (p < 0.05) according to Fisher’s least significant
difference test. Bar = standard error.

Frontiers in Microbiology | www.frontiersin.org 10 June 2022 | Volume 13 | Article 923276


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chai et al.

Multifunctional Streptomyces Against Cucumber Anthracnose

100

Disease severity (%)

I Spraying
[ Drenching

according to Fisher’s least significant difference test. Bar = standard error.

ddH,0(CK) 20x 100x 200x 20X 100X 200X
SMG SL06
Treatment

FIGURE 7 | Effect of different dilutions of Streptomyces griseorubiginosus LJS06 culture filtrate (SLO6) on cucumber anthracnose severity. Diluted SLO6 solutions
were sprayed or drenched 1 day before inoculation. Means (n = 6) for the same application method followed by different letters significantly differ (o < 0.05)

exhibit excellent in vitro inhibition properties against fungal
spore germination or mycelial growth (Kohl et al., 2019). In
the present study, we observed that the mycelial growth of C.
orbiculare was limited by S. griseorubiginosus LJS06 in vitro.
Conidial germination and appressorium formation were also
inhibited after treatment with diluted SL06, indicating a direct
inhibition of the pathogen by the metabolites. Although the
composition of the secondary metabolites produced by L]JS06 was
not further investigated, different strains of the same species have
been reported to produce antibiotics, such as biphenomycins,
cinerubins, reductiomycin, transcinnamamide, and tetraene
KM-A, among which reductiomycin acts against Gram-positive
bacteria, fungi, and Newcastle disease virus (David et al., 1980;
Shimizu and Tamura, 1981; Ko and Bae, 1982; Ko et al., 1982;
Ezaki et al., 1985, 1993).

In our results, the SLO6-treated conidia of C. orbiculare
turned blue after staining with Evans blue, suggesting that the
metabolites in diluted SL06 may have altered the cell membrane
permeability. Furthermore, SLO6-treated conidia can oxidize
DHR 123 into green fluorescent Rhodamine 123, suggesting that
increased oxidative stress may be due to ROS accumulation in
the conidia. Consequently, the energy metabolism and growth of
C. orbiculare were inhibited. ROS play an essential role in fungal
signaling and in regulating fungal development, particularly
the formation of pathogenesis-associated structures (Heller and
Tudzynski, 2011; Marschall and Tudzynski, 2016; Zhang et al,,
2020). Therefore, imbalanced ROS accumulation in fungal
cells may impair the mitochondrial or cell membrane, energy
metabolism, or the differentiation of pathogenesis-associated

structures (Ghezzi and Zeviani, 2012; Guo et al., 2013; Marschall
and Tudzynski, 2016; Wang et al., 2017), which is consistent
with our observation that conidial germination, respiration, and
appressorium formation were significantly inhibited after SL06
treatment. In addition to direct inhibition of C. orbiculare,
a reduction of anthracnose severity was observed when SL06
was drenched in soil before inoculation, suggesting that
induced resistance may also be involved in cucumber plants
against anthracnose. Because some metabolites produced by
Streptomyces species, namely polyamines and hydrogen sulfide,
may be involved in plant defense pathways (Walters, 2003;
Choudhary et al, 2021), the functional metabolites in SL06
warrant further investigation.

Most streptomycetes are free-living in the soil as saprophytes,
which can be recruited by root exudates and colonize the
rhizosphere (Pieterse et al, 2014; Vurukonda et al, 2018).
Sudrez-Moreno et al. (2019) reported that Streptomyces sp.
A20 can colonize the root hairs of two rice cultivars, which
was hypothesized to be associated with the growth-promoting
trait of the strain (Sudrez-Moreno et al., 2019). In addition
to epiphytic colonization on the rhizosphere, plant growth-
promoting rhizobacteria were also documented entering the
root tissues, mainly through wounds or cracks in the newly
emerged roots, and survive as endophytes (Pieterse et al,
2014; Vurukonda et al., 2018). Some plant growth-promoting
rhizobacteria can further penetrate plant tissues by producing
extracellular enzymes, such as cellulase, chitinase, and pectinase
(Hallmann et al., 1997; Compant et al., 2005; Vurukonda et al,,
2018). Once colonized on the rhizosphere or entered plant
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tissues, these beneficial bacteria can trigger downstream signaling
pathways associated with plant growth promotion or nutrition
uptake or prime the plant host for disease resistance (Pieterse
et al., 2014; Vurukonda et al., 2018).

In our screening and disease control experiments, the
spore suspension and the cultural filtrate load are similar
with previous studies (Patel et al, 2018; Fan et al., 2019).
Drenching diluted culture filtrate of S. griseorubiginosus LJS06
was found to significantly reduce the anthracnose severity of
cucumber plants, consistent with the result of our screening
experiment. The spatial separation of LJS06, its metabolites,
and C. orbiculare implies that LJS06 can prime cucumber
plants for resistance through living cells or its metabolites.
We also observed that LJS06 can produce several enzymes
associated with active colonization or penetration of the host
tissues, namely cellulase, chitinase, and protease, suggesting that
LJS06 may also possess the capability to colonize or enter the
root tissues. Future studies should investigate the rhizosphere
capability of LJS06 and whether it can colonize in the host
as an endophyte.

In conclusion, our findings revealed that LJS06 promotes
plant growth and has multiple modes of action against cucumber
anthracnose, which may be worth developing as a fungicide
alternative for disease management.
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